Introduction
The mare is a seasonal breeder and most mares enter a period of anoestrus during the short days of winter. During this time only very small follicles are present in the ovaries. In many mares there is a transitional period between deep winter anoestrus and normal ovarian cyclicity, when larger follicles grow and regress. In approximately 50% of mares, sequential anovulatory follicular waves then develop, with the dominant follicle reaching a diameter similar to that of a preovulatory follicle (Ginther, 1990) . These follicles fail to ovulate because of suppression of GnRH secretion by inhibitory neuronal mechanisms that results in lack of LH stimulation (Fitzgerald and Mellbye, 1988; Aurich et al., 2000) . Furthermore, these large transitional follicles are thought to be steroidogenically incompetent as circulating oestradiol concentrations are very low, and incubated granulosa cells from anovulatory transitional follicles produce significantly lower concentrations of oestradiol than do granulosa cells from preovulatory follicles (Davis and Sharp, 1991) .
As daylength increases, an increase in GnRH secretion results in FSH secretion and follicle growth (Freedman et al., 1979; Turner et al., 1979) . LH secretion does not increase as pituitary reserves are low in winter (Silvia et al., 1987) . However, shortly before first ovulation there is a large increase in circulating LH which coincides temporally with an increase in plasma oestrogen concentrations. It is thought that the increase in circulating oestradiol is the key event in increasing LH synthesis or secretion or both at the pituitary, or in increasing GnRH release (Sharp et al., 1991) . The reason for the apparently low steroidogenic capacity of transitional follicles is unclear. There is significant in vitro conversion of labelled androstenedione to oestrogens by transitional follicles (Seamans and Sharp, 1982) and so it appears that these follicles have sufficient quantities of the aromatizing enzyme, P450 arom . There is circumstantial evidence that the rate-limiting step in oestrogen synthesis in transitional follicles may be insufficient amounts of androgen substrate caused by low amounts of P450C17. Concentrations of progesterone were similar in large follicles throughout transition and into cyclicity, but concentrations of androgen did not increase until the onset of cyclicity (Davis and Sharp, 1991) . Although there may be deficiencies in steroidogenic enzymes in transitional follicles, an alternative explanation may be that the development of the transitional follicles is not as advanced as that of preovulatory follicles, and they may be less well endowed with blood vessels, thus limiting availability of substrate for steroidogenesis. Indeed, there is anecdotal evidence that, on gross inspection, transitional follicles appear to be relatively avascular (Sharp and Davis, 1993) .
The regulatory role of gonadotrophins in follicle development has been well documented; however, the mechanisms acting locally within the follicle that translate hormonal stimulation into growth and differentiation are Reproduction (2002) 124, 227-234 Research The mare is a seasonal breeder and undergoes a period of ovarian transition in spring between winter anoestrus and cyclicity. During spring transition LH concentrations are low and many mares have successive large anovulatory follicular waves which reach the size of preovulatory follicles. Follicular angiogenesis is essential for growth and health of preovulatory follicles. The aim of the present study was to investigate the morphology and vascularity of transitional anovulatory follicles. On gross inspection, the wall of transitional follicles was visibly less well vascularized than that of preovulatory follicles. Histologically, it could be seen that the theca was only poorly developed in transitional follicles. Immunostaining for factor VIII showed that there were significantly (P < 0.05) fewer blood vessels in the theca of transitional follicles. There was substantially less (P < 0.001) proliferative activity, measured by immunostaining for Ki67, in the endothelial cells and granulosa cells of transitional follicles compared with preovulatory follicles. Preovulatory follicles had a heavy band of immunostaining in the theca for vascular endothelial growth factor (VEGF), whereas staining was sparse in the transitional follicles. It was concluded that the poor vascularity and development of the theca layer in transitional follicles could be related to low circulating LH, and possibly other trophic hormones, and are likely to be the key factors in explaining the steroidogenic incompetence of transitional anovulatory follicles. not well understood. Blood vessel development has a crucial role in follicular maturation (Richards, 1980) and, during follicle growth, a rich capillary plexus develops in the thecal layer surrounding the avascular granulosa cells. Studies in primates have shown that the density of the microvascular network of follicles destined to ovulate is at least double that of follicles destined to become atretic (Zeleznik et al., 1981) . This increased vascularity results in increased delivery of gonadotrophins to preovulatory follicles. Ravindranath et al. (1992) showed that there is an apparent association between the capacity of a follicle to produce angiogenic factors and follicle selection. Angiogenesis requires proliferation and migration of vascular endothelial cells. Several intraovarian regulators have been implicated in angiogenesis. Vascular endothelial growth factor (VEGF) is a multifunctional cytokine that stimulates blood vessel formation and enhances microvascular permeability with 50 000 times the potency of histamine (Dvorak et al., 1995) . Expression of VEGF mRNA and protein has been reported in follicles and corpora lutea of various species (Ravindranath et al., 1992; Gordon et al., 1996; Yamamoto et al., 1997; Barboni et al., 2000; Toutges et al., 2000; Kashida et al., 2001 ). There appears to be a clear difference in patterns of expression among species.
Very little is known about the relative vascularity of equine ovulatory and anovulatory transitional follicles, although it is clear that the degree of vascularization may be a critical factor in determining their subsequent fate. Therefore, in the present study we used immunohistochemistry to detect the presence of VEGF in transitional and preovulatory follicles. The proliferative activity in granulosa cells and endothelial cells was investigated by determining expression of the Ki67 antigen, and the distribution and neoformation of blood vessels was confirmed by immunolocalization of the endothelial cell marker, Von Willebrand factor VIII.
Materials and Methods
Six pony mares of mixed breeding, weighing 344-445 kg and aged 3-19 years, were used. The reproductive history of the mares was unknown, but all were in winter anoestrus at the beginning of the period of study. The ovaries of the mares were examined three times a week by transrectal ultrasonography from the beginning of February until the onset of follicular waves. During one of the follicular waves, the ovary containing the dominant follicle was removed by a colpotomy incision after appropriate sedation and analgesia (Watson and Sertich, 1990) on the day after the dominant follicle reached 30 mm in diameter. The mares were then monitored by transrectal ultrasonography until first ovulation, which occurred between 13 April and 10 May. The remaining ovary was removed at either the second or third subsequent oestrus on the day after the dominant follicle reached 30 mm in diameter. Care was taken to remove ovaries only when the diameter of the follicle was increasing each day.
Immediately after ovariectomy, excized ovaries were transported on ice to the laboratory for dissection. After identification of the largest follicle, the tunica albuginea was removed carefully with fine scissors and forceps, and the follicle diameter was measured and recorded. A syringe and fine gauge needle were used to aspirate follicular fluid, which was stored at -20ЊC until assayed for oestradiol. The follicle was re-inflated with air and the anterior follicle wall was cut open. The appearance of the follicle wall was recorded. One piece of follicle wall, approximately 0.5 cm ϫ 0.5 cm, was immersed in freshly prepared 4% (w/v) paraformaldehyde. The tissue was kept at 4ЊC and transferred 24 h later to 70% (v/v) alcohol until it was embedded in paraffin wax.
Immunostaining
Immunostaining was performed using the following antibodies: rabbit anti-VEGF (Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-human Von Willebrand factor VIII (Dako Laboratories, High Wycombe) and a monoclonal antibody directed against the nuclear non-histone antigen, Ki67 (Novocastra, Peterborough). Paraffin wax sections (4 µm thickness) were mounted on slides coated with BioBond (British Biocell Int., Cardiff), deparaffinized and rehydrated. The sections were treated with 0.3% (v/v) hydrogen peroxide and incubated for 30 min with 35% goat serum to block non-specific binding. The sections were incubated with primary antibody or 2% normal rabbit serum (VEGF and factor VIII) or 2% normal mouse serum (Ki67). Dilution and incubation times and temperatures for the different antibodies were: 1: 200 for 120 min at room temperature for VEGF; 1: 250 for 90 min at room temperature for factor VIII; and 1: 40 for 3 h at 37ЊC for Ki67. The slides were subsequently incubated for 30 min with biotinylated goat anti-rabbit immunoglobulins (Vector Laboratories, Peterborough) or goat anti-mouse immunoglobulins (Vector Laboratories) for Ki67, diluted to 1:100 in phosphate buffered saline (PBS), or to 1:200 for Ki67. The slides were washed in PBS, treated with avidin-peroxidase complex (Vector Laboratories) and stained with 0.05% (w/v) 3,3Ј-diaminobenzidine containing 0.01% (v/v) hydrogen peroxide. Counterstaining was performed with Meyer's haematoxylin and the sections were rinsed with Scott's tap water.
Area of Von Willebrand factor VIII immunostaining
The Quantimet image processing and analysis system 500 (Leica, Cambridge) was used to measure the area of immunostaining for factor VIII. Regions from the inner, middle and outer areas of the sections were randomly selected. Two sections and three fields per section were counted. The system was optimized for each individual section based on the density of the stain. The area used in the analysis was calibrated at ϫ 200 magnification. The area of factor VIII immunostaining for each group was expressed as mean Ϯ SEM per unit area.
Labelling index for cell proliferation
Sections were examined at ϫ 400 magnification. The number of nuclei positively stained for Ki67 and the total number of nuclei were counted in two sections per animal and four fields per section, and the percentage of positively stained nuclei (label index) was calculated.
Hormone assays
Concentrations of progesterone and oestradiol were measured directly in follicular fluid using assays described previously (Corrie et al., 1981; Glasier et al., 1989; Law et al., 1992; Watson et al., 2000; Riley et al., 2001) . Assay sensitivity was 0.5 ng ml -1 for progesterone and 8 pg ml -1 for oestradiol. Intra-and interassay coefficients of variation were 9.0 and 12.6%, respectively, for progesterone, and 4.6 and 7.8%, respectively, for oestradiol. Displacement curves produced by serial dilutions of follicular fluid and curves produced by addition of hormone to follicular fluid samples were parallel to the respective standard curves.
Statistical analyses
Hormone concentrations in follicular fluid from transitional and preovulatory follicles from the same mares, as well as follicle size, were compared by paired t test. Hormone data were log-transformed before analysis. The area of staining for factor VIII and the proportion of cells staining positively for Ki67 in transitional and preovulatory follicles were compared using a paired t test.
Results
Size of follicles at removal was not significantly different between the transitional (33.8 Ϯ 2.3 mm) and preovulatory (34.1 Ϯ 1.5 mm) groups. The colour of the walls of the transitional follicles was yellowish to pale pink, and that of the preovulatory follicles was orange to red. The concentration of oestradiol in follicular fluid was significantly lower (P < 0.01) in the transitional follicles (345 Ϯ 112.3 ng ml -1 ) than in the preovulatory follicles (1063 Ϯ 169.2 ng ml -1 ). Similarly, progesterone concentrations were significantly lower (P < 0.05) in transitional follicles (6.2 Ϯ 1.7 ng ml -1 ) than in preovulatory follicles (33.6 Ϯ 12.8 ng ml -1 ).
Histological findings
Both anovulatory and preovulatory follicles had a wellorganized layer of granulosa cells in contact with the basement membrane (Fig. 1) . The granulosa cells appeared to be randomly distributed in the upper layers. There did not appear to be any difference in the thickness of the granulosa layers in anovulatory or preovulatory follicles, although there was some variability between follicles. Occasional mitotic nuclei were visible in both transitional and preovulatory follicles, and a few pycnotic nuclei were observed. The theca interna in preovulatory follicles comprised a thick layer of plump polyhedral cells with a pale nucleus and cytoplasm (Fig. 1a) , whereas the theca layer of the anovulatory follicles was thin and poorly developed in most parts with only sparse foci of polyhedral cells (Fig. 1b) . Most of the theca cells retained a fibroblast-type appearance with a spindle-shaped darkly staining nucleus.
Immunohistochemical localization of VEGF, factor VIII and Ki67
Immunostaining for VEGF was confined mainly to the theca interna. The granulosa layer remained mainly unstained, with a few scattered positively stained cells. In preovulatory follicles, the entire theca interna layer stained strongly and diffusely for VEGF (Fig. 2a) . Immunostaining in the transitional follicles was scant, with patchy staining in the thin theca layer (Fig. 2b) .
Immunostaining for factor VIII was confined to endothelial cells of blood vessels in the theca interna. The theca was well supplied with blood vessels in the preovulatory follicles, whereas the transitional follicles had a relatively avascular theca. A significantly larger (P < 0.05) area of tissue was stained for factor VIII in the preovulatory follicles than in the transitional follicles (Figs 3 and 4) . Positive staining for Ki67 was confined to cell nuclei and was frequently present in the granulosa cells and thecal endothelial cells of preovulatory follicles (Fig. 5a) . No staining was visible in endothelial cells of transitional follicles and only occasional granulosa cells were stained (Fig. 5b) . The difference in labelling index for Ki67 between preovulatory and transitional follicles was highly significant (Fig. 4) .
Observations for immunohistochemical staining were consistent across all six animals studied. No positive immunostaining was observed in negative control sections (Fig. 6 ).
Discussion
The results of the present study show for the first time clear differences in morphology and vascularization between large follicles collected during spring transition (anovulatory) and the breeding season (preovulatory) from mares. The major differences reported in this study, together with previously reported differences in circulating gonadotrophin concentrations, could play a key role in determining the subsequent fate of these two types of follicle.
A follicle diameter of approximately 35 mm was chosen because it is known that equine preovulatory follicles are responsive to exogenous gonadotrophin stimulation at this size and ovulate within 48 h (Duchamp et al., 1987) . All of the follicles collected in the present study were still growing and were not regressing; this was confirmed by histological evaluation of granulosa and theca cell morphology. The morphological differences in the theca interna layer of the preovulatory and transitional follicles were marked. The preovulatory follicles had the characteristic plump polyhedral cells that have been described previously (Kenney et al., 1979; Kerban et al., 1999) . It has been suggested that these cells have undergone luteinization (Kenney et al., 1979) and it is known that follicular progesterone concentrations increase during the preovulatory period in mares (Watson and Sertich, 1990) . Furthermore, follicular progesterone concentrations were increased in the preovulatory follicles sampled in the present study. It has also been suggested that a thick theca layer may be essential in the growing pre- ovulatory follicle for provision of androgen substrate to maintain follicular oestradiol synthesis. Therefore, it seems likely that, as this layer is only poorly developed in transitional follicles, the lack of androgen substrate will contribute substantially to the low oestradiol concentrations measured in these follicles. Hence, the morphological findings of the present study explain the low steroidogenic capacity of incubated walls of transitional follicles (Davis and Sharp, 1991) and indicate strongly that the deficiency in thecal P450C17 suggested by Davis and Sharp (1991) is directly attributable to poor thecal development. Poor vascularity, characterized by visibly pale follicular walls, has been reported to be a sign of atresia in equine follicles (Kenney et al., 1979; Mlodawska and Okolski, 1997; Pedersen, 2000) . In the present study, the lining of transitional follicles was paler than that of preovulatory follicles. This observation was confirmed by immunostaining for factor VIII, which identifies endothelial cells. There was a significantly smaller area of factor VIII immunostaining in the theca of transitional follicles compared with preovulatory follicles; this does not necessarily mean that there was a greater number of individual blood vessels, as the same vessel may intersect the plane of the section any number of times. However, the results of the present study indicate strongly that there is increased vascularity in the preovulatory follicles compared with transitional follicles as a result of increased numbers of vessels, increased size of the vessels or increased tortuosity of the vessels, or a combination of these factors. Furthermore, the transitional follicles contained very little VEGF, which is important in promoting angiogenesis, whereas VEGF appeared to be abundant in the preovulatory follicles. VEGF also has the ability to increase the permeability of the microvasculature (Murohara et al., 1998) . Thus, in preovulatory follicles, the richer blood supply in combination with increased permeability of blood vessels will allow increased provision of oxygen, nutrients and substrates, as well as circulating gonadotrophins, which are essential for follicular health, growth and steroidogenesis. In addition, the rich blood supply to preovulatory follicles will allow more follicular steroids and other hormones to leave the follicular fluid and access the circulation. The VEGF protein was clearly present in the thecal cells of equine follicles, which is similar to human follicles (Gordon et al., 1996; Yamamoto et al., 1997) . VEGF protein and mRNA encoding VEGF have been identified in both granulosa and theca cells from follicles of cows (Berisha et al., 2000) and pigs (Barboni et al., 2000) . Isolated granulosa cells from various species secrete VEGF in culture (Christenson and Stouffer, 1997; Hazzard et al., 1999; Barboni et al., 2000) . These differences may in part reflect species differences or disparity in stages of follicle maturity at the time of collection, but may also indicate that VEGF is being produced in the granulosa cells and that the protein then passes to the theca layer where the blood vessels are located. Post-transcriptional regulation of VEGF production by gonadotrophins may take place in periovulatory follicles (Hazzard et al., 1999) .
The growth of new blood vessels can also be monitored by measuring proliferation of endothelial cells (JablonkaShariff et al., 1993; Rodger et al., 1997) . Immunohistochemical detection of the proliferation marker Ki67 has been used previously as a monitor of mitotic activity in equine endometrium (Gerstenberg et al., 1999) . Cells with the morphology of endothelial cells that stained positively for Ki67 were present only in the theca of preovulatory follicles, which is indicative of active proliferation of blood vessels in these follicles. Many of the granulosa cells in these follicles were also positively stained, whereas staining was infrequent in the granulosa of the transitional follicles, indicating active cell division in the preovulatory follicles in contrast to the transitional follicles. In the marmoset corpus luteum, it appears that luteal cells that stain positively for Ki67 do not co-label with the steroidogenic cell marker 3β-HSD (Young et al., 2000) , indicating that steroidogenic cells may not produce steroid hormones and express cell cycle antigens simultaneously. It is not known whether this is also true in the follicle, but the preovulatory follicles in the present study with high proliferation indices were markedly more steroidogenically active than the transitional follicles. It has been shown that activation of VEGF production is more dependent on the dynamic status of the follicle and its growth rate than on its diameter (Barboni et al., 2000) . This finding correlates well with the high degree of proliferative activity in the preovulatory follicles in the present study.
The low vascularization in the transitional follicles in the present study, together with the low proliferative index, low VEGF protein content and follicular steroids are consistent with early follicular atresia, although this was not evident histologically. As seen in the present study in equine follicles, endothelial cell proliferation has been strongly correlated with expression of VEGF in theca cells during follicle growth (Yamamoto et al., 1997) . Follicle health depends on the presence of a rich network of capillaries in the innermost part of the thecal wall, so that oxygen and nutrients can be transported into the follicle, particularly at the cumulus-oocyte complex. Early signs of atresia are characterized by disappearance of this inner vascular layer (Hay et al., 1976) . Hypoxia is commonly implicated in stimulation of VEGF in most tissues, but in ovarian cells, a relationship has been shown between gonadotrophin stimulation of cultured luteinized granulosa cells and VEGF production (Christenson and Stouffer, 1997; Hazzard et al., 1999) . Other studies have shown in vivo that the intense angiogenesis in the early primate corpus luteum is dependent on gonadotrophin stimulation of the luteal cells (Dickson and Fraser, 2000) and VEGF concentrations in follicular fluid from prepubertal gilts increase after eCG and hCG treatment (Barboni et al., 2000) . As follicle health and growth are also dependent on gonadotrophin stimulation, it is likely that the low circulating concentrations of LH, characteristic of the transitional breeding season (Freedman et al., 1979) , failed to stimulate adequate production of angiogenic factors, including VEGF. Other trophic hormones such as growth hormone, which is known to be low in mares during seasonal anoestrus (Aurich et al., 1999) and is involved in follicle growth and viability (Kirkwood et al., 1990) , may also be involved. The low concentrations of angiogenic factors then led to poor thecal vascularization and vascular permeability, both of which are essential for trophic support of the actively dividing follicular cells. In turn, poor vascularity will contribute to inadequate delivery of gonadotrophins and other trophic factors to the follicle to sustain development. Therefore, in these mares, the low concentrations of thecal VEGF could result in failure of further development and subsequent atresia of transitional follicles. In primates, VEGF production has been implicated in follicle selection during the menstrual cycle (Ravindranath et al., 1992) . From the results of the present study it appears likely that VEGF could also be a key factor in regulating gonadotrophin-dependent follicular growth in equine preovulatory follicles.
It is possible to draw three main conclusions on the differences between transitional and preovulatory follicles: (i) the histological morphology of these two types of follicle is clearly different: the thecal layer is only poorly developed in transitional follicles and the proliferative index of the granulosa cells is markedly depressed in transitional follicles; (ii) thecal vascularization is sparse in transitional follicles in association with the absence of proliferative activity in the vascular endothelial cells; and (iii) VEGF, one of the main angiogenic factors, is present in abundance in the theca of preovulatory, but not transitional, follicles. These inter-related factors could explain the low steroidogenic capacity of transitional follicles and why these follicles fail to progress to ovulation during the spring anovulatory period in mares.
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